Loblolly pine (Pinus taeda L.) is increasingly grown on intensively managed plantations that yield high growth rates. Wood properties, including specific gravity (SG), change with cambial age, and thus intensively managed trees contain a high proportion of low density corewood when harvested because of reduced rotation lengths. This study was undertaken to develop models of ring-level properties (SG and width) in intensively managed loblolly pine plantations. Ninety-three trees from five stands aged from 24 to 33 years were harvested, and 490 disks were obtained from in between the 5.2-m logs that were cut, and at the merchantable top. The disks were cut into pith-to-bark radial strips that were scanned on an X-ray densitometer, and the resultant data analyzed using non-linear mixed-effects models. The fixed effects of the models, which included cambial age and for some models disk height and ring width, were able to explain 56, 46, 54, 16, and 46 percent of the within-tree variation for ring SG, ring width, latewood SG, earlywood SG, and latewood percent, respectively. To assess implications for wood utilization, a modeled tree was built by using height, diameter, and taper equations and these models were linked with the developed ring SG model to produce a tree properties map. The linked information was also used to generate tree and log SG and proportion of corewood values for different rotation ages. The results from this study are a step towards integrating wood quality models into growth-and-yield modeling systems that are important for loblolly pine plantation management.
Introduction
Highly productive forest plantations have been established worldwide to meet the demand for sustainable supplies of wood and fiber products. These plantations generate 34% of the world's roundwood [1] , despite occupying only 3% of all forested areas [2, 3] . In the southeastern United States, the 13 million hectares of southern pine plantations play a key role in the region's capacity to produce approximately one half of the wood harvested nationwide [4] . Southern pine is a species group comprised primarily of loblolly pine (Pinus taeda L.), longleaf pine (Pinus palustris Mill.), shortleaf pine (Pinus echinate Mill.), and slash pine (Pinus elliottii Engelm.). Among these, loblolly pine is the most widely planted and thus utilized [5] . Increasingly, loblolly pine plantations have been intensively managed to accelerate growth through improved genetics, intensive site preparations, weed control, decreased planting densities, and the use of multiple fertilizer applications [6, 7] . As a result, site indices as high as 32 m (base age 25) have been achieved [8] . Through these treatments, the time required to grow loblolly pine sawtimber (≥30 cm diameter at breast height (DBH)) has decreased from 35-40 to 20-25 years, and as few as 16 years to reach a merchantable size for "chip-n-saw" (DBH between 20 cm and 30 cm) [9] .
A consequence of accelerated growth in forest plantations is the high proportion of corewood (juvenile wood) in the harvested trees [10, 11] . Corewood, starting from the pith and laid down outward, is the wood formed in young trees, while outerwood is formed later on as the tree matures [10, 12] . The change from corewood to outerwood is not abrupt, but occurs gradually over several years, affording a zone of wood commonly referred to as "transition wood". The duration of corewood production is influenced by the crown size, and as planting density decreases crown closure occurs later in the rotation, which results in an increased proportion of corewood [13] . Corewood has low stiffness and strength, and high longitudinal shrinkage, while the converse is true for outerwood [13, 14] . In loblolly pine, the low stiffness and strength of corewood is the result of low specific gravity (SG) (i.e., wood density) and high microfibril angle (MFA), especially for the growth rings near the pith [15] . Clark et al. [16] found that the length of time required for loblolly pine wood to transition from corewood to outerwood varied by physiographic region, ranging from 6 to 8 years for SG, and from 11 to 20 years for MFA. As a consequence of the changes that have occurred in southern pine wood quality, in 2013, the engineering design values for visually graded southern pine lumber were reduced to address the lower mechanical properties in the lumber currently being produced [17] .
Our understanding of the sources of variability that influence wood quality has accelerated due to the development of rapid wood quality assessment tools. These tools allow insight into the changes that occur radially within a tree, and they include:
• X-ray densitometry to measure specific gravity [18] [19] [20] • X-ray diffraction to measure the microfibril angle [21] [22] [23] • Automated image analysis to measure fiber dimensions on macerated fibers [24, 25] or on solid wood samples [26] [27] [28] • Near-infrared spectroscopy to predict a variety of properties [29] [30] [31] • Acoustics in combination with density to measure stiffness [32, 33] , or to correlate acoustic velocity values to MFA or tracheid length [34, 35] • Light transmission to measure spiral grain [36, 37] Of the aforementioned tools, X-ray densitometry has arguably been the most widely used to investigate radial patterns of variation. This is undoubtedly due to the overall importance of wood density, the ease of measurement, and the variety of X-ray densitometry instruments/techniques that are available [20] .
The southern pines, including loblolly pine, have an increasing trend of SG from pith to bark, also common to other hard pines, including Scots pine (Pinus sylvestris L.) [38] , and radiata pine (Pinus radiata D. Don) [39] . Note that other softwood genera show different patterns of variation. Specifically, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), Sitka spruce (Picea sitchensis (Bong.) Carr.), and black spruce (Picea mariana (Mill.) B.S.P) all exhibit SG radial trends where SG is high near the pith, decreases in the transition wood, and then increases in the outerwood [19, 40, 41] . For loblolly pine, the reason for the low SG near the pith is due to the low proportion of latewood to earlywood tracheids and reduced cell wall thicknesses, as well as lower latewood SG [13, 42] . In addition to radial variation, wood properties of softwoods also vary with height for a given cambial age; Burdon et al. [10] illustrated this point by differentiating between mature corewood higher in a tree and juvenile corewood at the base, the latter being formed when the tree was young. For a given cambial age, loblolly pine displays a decrease in SG with increasing height [42] . While the typical patterns of variation are known [43] , the specific mechanisms influencing these changes in wood properties with age are under debate [12] .
The development of models to predict wood property variation is not only important to better understand the changes that occur in wood properties, but provides an opportunity to include wood quality models into growth and yield systems [44, 45] . These models should include the effects of cambial age and/or height within a tree, as well as the influences of silviculture and/or genetics. Regarding wood property variation in response to silviculture for loblolly pine, Antony et al. [46] and Love-Myers et al. [47, 48] reported that as mid-rotation fertilization intensity increased, both ring SG and latewood SG decreased, although the magnitudes of the changes varied by study. Clark et al. [49] found that vegetation control did not result in decreased ring SG properties; however, early rotation fertilization led to a 6% decrease in outerwood SG and a 62% increase in the amount of corewood (juvenile wood), versus the control treatment. One challenge to incorporating wood quality models into growth and yield systems is an incomplete understanding of the effects that the timing and intensity of silvicultural treatments have on wood properties, and the lack of corresponding data to incorporate into these models. Recently, Auty et al. [38] found that incorporating annual ring width into a wood density model for Scots pine improved the predictive performance, and here we hypothesize that a ring width term could serve as a surrogate for silvicultural treatments, thereby allowing for adjustments to the SG or other wood properties-based growth rates. Although beyond the scope of this study, the impact of genetics on wood properties is a growing area of interest given the heritability of many wood properties and the ability to select families that have both fast growth and high wood density [40, 50, 51] . Finally, of additional importance are models for ring width, which when combined with ring SG models can yield whole disk SG values throughout the rotation that are particularly relevant to growth and yield decision support systems.
The primary goals of the current study were to: (1) model the relationship between SG (ring, earlywood, latewood, latewood percent) and ring width with cambial age for loblolly pine harvested from intensively managed plantations; (2), explore whether additional fixed effects, including disk height and ring width improved model fit; (3) integrate the ring width and ring SG models with models of height, diameter, bark thickness, and stem taper to simulate trees and produce maps showing the variation in ring SG; and (4) assess the implications for wood quality by quantifying the wood SG of trees and logs over a rotation as the trees meet the product class specifications of pulpwood, chip-n-saw, and sawtimber.
Materials and Methods

Sample Origin
Trees used in this study were harvested in 2013 within the lower coastal plain of the United States near Brunswick, Georgia for a forest-to-mill lumber study [17, 52, 53] ; all stands were located on land owned by Plum Creek Timber Co. Inc. (Seattle, WA, USA). The stand and tree characteristics are listed in Table 1 . Stand sites were poorly drained and thus were bedded prior to tree planting to improve soil aeration [7] . Stands 2-4 had herbaceous weed control (HWC) applied, while stands 1 and 5 did not. All stands were fertilized at least once during the rotation, however the age at which the treatments were applied and the number of fertilization activities was not known for stands 2 and 3, as this information was not provided to Plum Creek Timber Co. Inc. when the tracts were purchased in 2010. A total of 93 trees were felled from five stands with ages ranging from 24 to 33 years and site indices at base age 25 ranging from 25.3 to 27.4 m. The total volume of lumber within each stand was estimated by collecting DBH and total height measurements from each tree in ≥0.2 ha rectangular plots with ≥50 trees measured, with the total volume then distributed into 5-cm-diameter classes for each stand. Tree selection across the diameter classes was conducted as a percentage of the volume within a given diameter class to the overall stand volume; thus, more large trees were sampled than small trees. Trees with major defects, such as cankers and forks, were not included in the sampling process. After felling, the total height and height to live crown were measured and then the tree was de-limbed. The trees were cut into 5.2-m logs for use in the lumber study. Fifty mm thick disks were cut from the bottom and top of each log at heights of 0.15 m, 5.2 m, 10.4 m, and 15.6 m, towards the top of the tree at a height equal to a 13 cm stem diameter, and at 20.8 m if the 13 cm-diameter height was above 20.8 m; thus not all trees yielded the same number of disks. The disks were placed in plastic bags and then stored in a freezer (−20 • C) at the wood quality laboratory (Athens, GA, USA) until processed. 
X-ray Densitometry
Each 50-mm sample disk was cut in half transversely with a Wood-Mizer (Indianapolis, IN, USA) sawmill to yield two disks, each being approximately 25-mm thick. The first disk was weighed with the bark on and the diameter outside bark recorded; the bark was then carefully peeled, the disk reweighed, and the diameter inside bark measured. For each first disk, the green density (green weight, green volume) and basic density (oven dry weight, green volume) of the wood were determined by measuring the green weight, the volume by water displacement, and the dry weight measured after oven-drying at 103 ± 2 • C [54] until mass remained constant. The second disk was cut into a bark-to-bark 12 × 12 mm strip (longitudinal and tangential), dried (50 • C, 24 h), and then cut in half at the pith to yield two radial strips. One radial strip was then glued in between two wood core holders and cut on a twin-blade table saw with a power feed to yield a densitometry sample measuring 2 mm (longitudinal) × 12 mm wide (tangential), and with the radial dimension being determined by the length of the strip. The strips were conditioned in a chamber (22 • C, 52% relative humidity) to achieve an approximate wood moisture content of 10%. The strips were then scanned on a QTRS-01X Tree Ring Scanner (Quintek Measurement Systems, Knoxville, TN, USA) with a 0.06-mm radial step resolution and the X-ray beam passed through the sample on the transverse face. The instrument was calibrated to express SG for loblolly pine on an oven-dry weight and green volume basis (basic specific gravity). Latewood was differentiated from earlywood using a threshold SG value of 0.48 [55, 56] . Data generated by densitometry were values for ring SG, earlywood SG, latewood SG, annual ring width, and latewood percent.
Data Analysis
The statistical analyses and associated graphics were done in the R statistical software environment [57] with the RStudio interface [58] and the packages dplyr [59] , gamlss [60] , ggplot2 [61] , gridExtra [62] , gstat [63, 64] , nlme [65] , raster [66] , and spatstat [67] . Models were compared using Akaike information criterion (AIC) values, likelihood ratio tests, fit indices (R 2 ) of the fixed and random (stand, tree) effects, and root mean square error (RMSE) values.
Specific Gravity Model Development
For loblolly pine, the four-parameter logistic function [68] has previously been used for modeling the variation of SG with cambial age [69, 70] . Thus, for ring SG model 1 was:
where SG ijkl is the mean ring specific gravity (basic) in each annual growth ring, and CA ijkl is the cambial age (ring number) of the lth annual ring of the kth disk from the jth tree at the ith site. The fixed effects parameters are β 0 , which is the model intercept, β 1 , which is the asymptote as cambial age approaches infinity, and β 2 , which is the inflection point, while β 3 is the scale parameter. The random effects for the model are b 1i and b 1ij , and represent the nested random effects of the asymptote parameter (β 1 ) at the site and tree levels, respectively. Because loblolly pine SG varies by height within a tree, with SG decreasing with height for a given cambial age [42] , the effect of disk height was then incorporated into model 2:
where β 4 is the fixed effect to vary the β 4 parameter with disk height, DH ijkl is the disk height (m) of the lth annual ring of the kth disk from the jth tree at the ith site, and the other parameters are the same as Equation (1).
Outside of the influence of cambial age on SG is the additional effect of growth rate. For loblolly pine, several studies have shown that SG decreases with increased growth rate in response to silvicultural treatments [46] [47] [48] . One challenge with building models to account for silvicultural differences is having enough data to enable construction of plausible models. Auty et al. [38] found that incorporating ring width into a ring-level wood density model for Scots pine (Pinus sylvestris L.) improved overall model performance. Likewise, we hypothesized that the addition of a ring width term would improve SG predictions by accounting for growth differences between silvicultural treatments, even if the specific treatments were unknown. Model 3 reflects model 2 with an added ring width fixed effect:
where β 5 is the fixed effect to vary ring SG by ring width, and RW ijkl is the ring width (mm) of the lth annual ring of the kth disk from the jth tree at the ith site, and the other parameters are the same as Equation (2).
Ring Width Model Development
Unlike SG models, for which the literature provides multiple instances using the four parameters logistic function, we found very few examples to guide our choice of model form for ring width in loblolly pine. Tasissa and Burkhart [71] used a segmented linear model of ring width using data collected from image analysis. After visual exploration of the data in the current study, we focused our approach on developing a nonlinear model of annual ring width. We selected a functional form with a hyperbolic shape since it represented the observed pattern of continually decreasing ring width over time. Here, model 4 for ring width is:
where RW ijkl is the mean ring width (mm) in each annual growth ring, and CA ijl is the cambial age (ring number) of the lth annual ring of the kth disk from the jth tree at the ith site. The fixed effects of the model are β 0 and β 1 , where the β 0 parameter divided by the β 1 parameter represents the starting ring width at cambial age 0. The random effects for the model are b 0i and b 0ij , representing the random effect of the asymptote parameter (β 0 ) at the site and tree levels, respectively. To account for the butt swell that occurs in trees due to wind [72] , we added a fixed effect (β 2 ) for the ring width term to vary by disk height, and as such model 5 is as follows:
where β 2 is the fixed effect to vary the β 0 parameter with disk height, DH ijkl is the disk height (m) of the lth annual ring of the kth disk from the jth tree at the ith site, and the other parameters are the same as in ring width model 4.
Latewood-and Earlywood-Specific Gravity Model Development
Examination of scatter plots of the data showed that latewood SG increased asymptotically with cambial age, but unlike ring SG or ring width, latewood SG had little variability with height in the stem. Modeling efforts to include height resulted in height being a non-significant term. For latewood SG the model form used was a three-parameter logistic function [68] , and thus model 6 is as follows:
where LWSG ijkl is the mean ring latewood-specific gravity in each annual growth ring, and CA ijkl is the cambial age (ring number) of the lth annual ring of the kth disk from the jth tree at the ith site. The fixed effects of the model are β 1 , which is the asymptote as cambial age approaches infinity, β 2 is the inflection point, and β 3 is the scale parameter. The random effects for the model are b 1i and b 1ij and represent the random effect of the asymptote parameter (β 1 ) at the site and tree levels, respectively. Examination of the scatter plots showed that earlywood SG was subtly influenced by cambial age, with little variation by height. For earlywood SG, the model form used was a variant on the two-parameter logistic function [68] , and thus model 7 is as follows:
where EWSG ijkl is the mean ring latewood-specific gravity in each annual growth ring, and CA ijkl is the cambial age (ring number) of the lth annual ring of the kth disk from the jth tree at the ith site. The fixed effects of the model are β 0 , β 1 , and β 2 . The random effects for the model are b 0i and b 0ij , and represent the random effect of the β 0 parameter at the site and tree levels, respectively.
Latewood Percent Model Development
Because latewood percent can be expressed as a proportion that takes values on the standard unit interval (0, 1), but can also include 0 and 1, we applied zero-one-inflated beta regression to model this outcome [73] . Such mixed distributions jointly model 0 and 1 as discrete values with probabilities p 0 for 0% latewood and p 1 for 100% latewood, respectively, and continuous values on the unit interval with probability (1 − p 0 − p 1 ) for values between 0 and 100% latewood. Thus, the 0 and 1 values were modeled as binomial processes using logistic regression with a logit link function, while the continuous values were modeled using beta regression, also using a logit link. In this context, all three components were expressed as functions of cambial age, and were simultaneously estimated using the gamlss package. The model formulations for each component were as follows for models 8-10:
where p 0ijkl is the mean probability that latewood percent is zero in each annual growth ring, p 1ijkl is the mean probability that latewood percent is 100 percent in each annual growth ring, 1 − p 0ijkl − p 1ijkl is the mean probability that latewood percent is between zero and 100% in each annual growth ring, CA ijkl is the cambial age (ring number) of the lth annual ring of the kth disk from the jth tree at the ith site, and α 0 , α 1 , β 0 , β 1 , γ 0 , γ 1 are the parameters for model [8] [9] [10] . Because latewood percent varies by disk height, models 11-13 for latewood percent included the effect of disk height, with the exception of model 11 which was not significantly affected by disk height:
where DH ijkl is the disk height (m) of the lth annual ring of the kth disk from the jth tree at the ith site, β 2 and γ 2 are new terms for the model, and the rest of the terms are the same as for models [8] [9] [10] . In reality a ring would not contain 100% earlywood or latewood, however due to the use of the threshold method whereby SG is differentiated between latewood and earlywood based upon values of 0.48, as well as due to core misalignment, some rings can be designated as being all earlywood or latewood.
For predicting latewood percent, we used Equations (10) and (13), respectively, for predicting the overall mean trend and the trend by disk height. To calculate fit indices and RMSE, the observed values were regressed versus the predicted values using a linear model.
Tree Map Development
Numerous publications have illustrated variation in wood properties with whole-tree maps (e.g., [38, 74] ). To build a tree map showing the SG variation, we predicted the height of the tree from age 1 to 30 using the dynamic model developed by Diéguez-Aranda et al. [75] for loblolly pine:
where Y is the predicted height at age t, and X 0 is:
where Y 0 is the site index (m) and t 0 is the base age (25 years). The site index we used to build the model was 26.2 m, the average site index of the stands in the study. The diameter inside bark at breast height was predicted using the ring width model developed here (Equation (5)) and the value converted from radius to diameter. In order to utilize taper models to predict the diameter at different height levels, the diameter inside bark at breast height was converted to diameter outside bark by using the relationship developed for the disks in the study:
where DOB is diameter outside bark (cm), and DIB is the diameter inside bark (cm) (R 2 = 0.99, RMSE = 0.58 cm). Diameters less than 10 cm (the lower range of the data) were adjusted by 1.067%, which was the mean difference between the DIB and DOB. The ring width models developed here could be used to predict the taper of the tree, however because only five or six disks were collected for each tree, the taper of the tree was not as accurately described with the model compared to a dedicated taper equation. Thus, we calculated stem taper by predicting each sequenced height level with the model generated by Bullock and Burkhart [76] for loblolly pine using their Equation (21) (17) where abs is the absolute value, D is the diameter at breast height in inches, H is total height in feet, and h is each sequenced height level in feet. Following the use of the taper equation the diameter at each height was converted to cm from in. The tree, DIB to DOB, and taper models provided annual height and diameter information for ages 1 to 30 throughout the entire stem. The ring width for each position was calculated by subtracting the radius at each age from the radius the previous year.
We note that the taper model represents the mean trend from a range of diameters (2 to 31 cm) and heights (2.3 to 25 m), and we noticed that it produced results whereby ring width was low near the pith, increased for a number of years, and then decreased. For measured ring width we found a decrease over time. Thus, to predict the SG for the tree map we used the SG model 2 using the height level and cambial age and not the ring width. The tree map thus generated shows the yearly values of SG at each specific cambial age and height combination. In order to produce a smoothed map showing the within-tree variation in SG, the data were interpolated using an inverse-distance weighted interpolation algorithm with a 25 × 25 kernel smoother [67] .
Average Tree-and Log-Specific Gravity and Proportion of Corewood throughout Rotation
The modeled annual (non-smoothed) within-tree SG variation dataset served as the basis for calculating the mean SG for the whole tree and the different logs over the rotation. In the southeastern United States, roundwood is mainly grouped into pulpwood (≥15 cm DBH), 'chip-n-saw' (≥20 cm and <30 cm DBH), and sawtimber (≥30 cm DBH) sized trees, with prices increasing with increasing tree size. We used these size classes as the basis for comparing the SG and relative proportions of corewood and outerwood for the whole tree and each 5.2-m log at different ages during the rotation. To calculate the average whole tree and log SG, the volume of the tree or log was calculated and then the SG at each height and cambial age combination was weighted by the volume of the ring compared to the overall volume. The weighted SG was then summed for each respective height and cambial age combination to yield the mean SG of the tree or log. The number of logs yielded at each age was dependent on whether the large end diameter (LED) of each 5.2-m log was greater than 15 cm. If the LED was less than 15 cm the material was included in the tip section, while if it was greater it was designated as a separate log.
The years at which corewood, transition wood, and outerwood were formed for ring SG followed the approach outlined by Mora et al. [69] . The first derivative of the ring SG model 2 with respect to cambial age was found:
where the terms followed those of model 2, and d is the derivative. Corewood was assumed to be produced from the first annual ring to the age denoted by the β 2 parameter of the SG model 2, which corresponds to the age at which the maximum change in SG was reached in model 18. The production of transition wood was assumed from this point to the age at which ring SG started changing by less than 0.01, as determined by model 18. The proportion of corewood and outerwood was calculated using the same procedure described above for calculating whole tree and log SG. Briefly, each height and cambial age combination was assigned as corewood, transition wood, or outerwood. The volume of the tree or log was calculated, then the volume of corewood and outerwood at each height and cambial age combination was weighted by the volume of the ring compared to the overall volume. The weighted quantities of corewood and outerwood were then summed for each respective height and cambial age combination to yield the amount of corewood and outerwood of the tree or log, with the amount of transition wood being the difference between 100 and the combined total of corewood and outerwood. The tip section (i.e., LED < 15 cm) was assumed to be 100% corewood. An example of the segmentation between corewood, transition wood, and outerwood was done for the data measured at the stump and the first derivative of Equation (2), with the disk height being the height of the stump (0.15 m).
Results
The SG and ring width data varied considerably with cambial age and disk height, but this variation is typical for loblolly pine. When averaged across all rings, the mean and standard deviation (SD) for each property were as follows: ring SG: mean = 0.492, SD = 0.087; ring width: mean = 6.04 mm, SD = 3.27 mm; latewood SG: mean = 0.679, SD = 0.09; earlywood SG: mean = 0.318, SD = 0.045; and latewood percent: mean = 47%, SD = 19%. The summary tables for the model parameters are shown in Table 2 , and summaries of the fit indices and error statistics for the models are shown in Table 3 , except for latewood percent since it was fit with a different method. Ring SG increased gradually from the pith to the bark and approached an asymptote in the outerwood. For the ring SG models, the initial model (model 1) that did not include the disk height or ring width parameters explained 45% of the variation for the fixed effects and the RMSE was 0.064. Allowing ring SG to vary by height (model 2) improved the percent variation explained to 55% (fixed effects only), and reduced the RMSE to 0.059, a significant improvement over model 1 according to the AIC and a likelihood-ratio test (p < 0.0001). The intercept of model 2 (β 0 ) was 0.377 and the asymptote (β 1 ) was 0.611 (Table 2 ). The inclusion of the ring width term (model 3) only slightly improved the model fit (percent variation explained = 56%; RMSE = 0.058), although this model proved to be significantly better (p < 0.001) than model 2. For model 3, the intercept term (β 0 ) was 0.414 and the asymptote (β 1 ) was 0.630 (Table 2) As expected, ring width gradually decreased from pith to bark. The fixed effects of the starting model without the disk height parameter (model 4) was able to explain 44% of the variance from the fixed effects, with an RMSE of 2.45 mm. Allowing ring width to vary by height improved the fit slightly, giving 46% and 2.41 mm for the variance explained and RMSE, respectively. The AIC values were evaluated and the model proved significantly better (p < 0.001) than model 4. For model 5, the starting ring width (β0/β1 = 106.12 mm/9.92 mm) was 10.69 mm plus the effect of disk height. The plot of ring width by cambial age is shown in Figure 2 , with the mean trend representing model 1 and the trends by height representing model 2. As expected, ring width gradually decreased from pith to bark. The fixed effects of the starting model without the disk height parameter (model 4) was able to explain 44% of the variance from the fixed effects, with an RMSE of 2.45 mm. Allowing ring width to vary by height improved the fit slightly, giving 46% and 2.41 mm for the variance explained and RMSE, respectively. The AIC values were evaluated and the model proved significantly better (p < 0.001) than model 4. For model 5, the starting ring width (β 0 /β 1 = 106.12 mm/9.92 mm) was 10.69 mm plus the effect of disk height. The plot of ring width by cambial age is shown in Figure 2 , with the mean trend representing model 1 and the trends by height representing model 2. As expected, ring width gradually decreased from pith to bark. The fixed effects of the starting model without the disk height parameter (model 4) was able to explain 44% of the variance from the fixed effects, with an RMSE of 2.45 mm. Allowing ring width to vary by height improved the fit slightly, giving 46% and 2.41 mm for the variance explained and RMSE, respectively. The AIC values were evaluated and the model proved significantly better (p < 0.001) than model 4. For model 5, the starting ring width (β0/β1 = 106.12 mm/9.92 mm) was 10.69 mm plus the effect of disk height. The plot of ring width by cambial age is shown in Figure 2 , with the mean trend representing model 1 and the trends by height representing model 2. Both ring SG and latewood SG had low values near the pith and approached an asymptotic value in the outerwood. However, latewood SG increased more rapidly with cambial age than ring SG, which changed more gradually. Earlywood SG showed a different trend, with a subtle decrease in SG until approximately cambial age 6, where it stabilized. For the latewood SG and earlywood SG models, only one model was constructed for each since the effect of disk height was minimal, except for the butt disk for earlywood SG, which we attribute to secondary compounds beginning to be deposited in the wood, since these samples were not extracted [56] . For latewood SG, the fixed effects of the model explained 54% of the variation in latewood SG with an RMSE of 0.0478. For earlywood SG, the fixed effects explained only 16% of the variation in the earlywood SG, and the RMSE was 0.0366. The plots of latewood SG and earlywood SG are shown in Figure 3 . Both ring SG and latewood SG had low values near the pith and approached an asymptotic value in the outerwood. However, latewood SG increased more rapidly with cambial age than ring SG, which changed more gradually. Earlywood SG showed a different trend, with a subtle decrease in SG until approximately cambial age 6, where it stabilized. For the latewood SG and earlywood SG models, only one model was constructed for each since the effect of disk height was minimal, except for the butt disk for earlywood SG, which we attribute to secondary compounds beginning to be deposited in the wood, since these samples were not extracted [56] . For latewood SG, the fixed effects of the model explained 54% of the variation in latewood SG with an RMSE of 0.0478. For earlywood SG, the fixed effects explained only 16% of the variation in the earlywood SG, and the RMSE was 0.0366. The plots of latewood SG and earlywood SG are shown in Figure 3 . Figure 3 . Latewood-specific gravity and earlywood-specific gravity predicted for overall data with RMSE for models 6 and 7 listed. Similar to ring SG and latewood SG, the latewood percent increased from the pith to the bark. Unlike the previous models developed and presented here, modeling latewood percent was significantly more challenging with regard to model convergence. The plot of latewood percent by cambial age is shown in Figure 4 , with the mean trend representing models 8-10 and the trends by height representing models 11-13. Models 11-13 had a much lower AIC (−8216) than models 8-10 (−6285). Models 8-10 explained 29% of the variation, with an RMSE of 16%. Incorporating disk height into models 11-13 improved the variation explained to 46% and reduced the RMSE to 14%. Similar to ring SG and latewood SG, the latewood percent increased from the pith to the bark. Unlike the previous models developed and presented here, modeling latewood percent was significantly more challenging with regard to model convergence. The plot of latewood percent by cambial age is shown in Figure 4 , with the mean trend representing models 8-10 and the trends by height representing models 11-13. Models 11-13 had a much lower AIC (−8216) than models 8-10 (−6285). Models 8-10 explained 29% of the variation, with an RMSE of 16%. Incorporating disk height into models 11-13 improved the variation explained to 46% and reduced the RMSE to 14%.
The average within-tree variation in ring SG for this study is shown in Figure 5 . The map illustrates the low SG values found near the pith and the increase in SG with cambial age. The map also shows that SG decreased with height in the stem. Table 4 shows the average tree and log specific gravity for the different product classes at the age the tree first reached the size required for a specific product class, and at age 30. The tree reached the pulpwood size (>15 cm DBH) at age 10, the chip-n-saw size (≥20 cm and <30 cm DBH) at age 15, and the sawtimber size (≥30 cm DBH) size at age 27. At the pulpwood (age 10) and chip-n-saw (age 15) sizes, the trees would yield two 5.2-m logs, and as the tree approached the sawtimber (age 27) size and maturity (age 30), the trees yielded three 5.2-m logs. Whole tree SG increased subtly from 0.471 at age 10 to 0.491 at age 15, then to 0.514 at age 27, and finally to 0.516 at age 30. The SG for the first log however increased from 0.484 at age 10 to 0.52 at age 15, 0.557 at age 27, and 0.562 at age 30. At age 10, the proportion of corewood was high and the proportion of outerwood low, with whole tree proportions of 66 and 0% for corewood and outerwood, respectively. At age 15 the corewood proportion had decreased to 41% and the outerwood to 14%, with transition wood as the remaining proportion. By age 27 the corewood proportion was 20% while outerwood was 50%, and by age 30 the corewood proportion was 18% and outerwood 52%. An example of the segmentation between corewood, transition wood, and outerwood for the data measured at the stump and the first derivative of Equation (2), with the disk height being the height of the stump (0.15 m) is shown in Figure 6 . The average within-tree variation in ring SG for this study is shown in Figure 5 . The map illustrates the low SG values found near the pith and the increase in SG with cambial age. The map also shows that SG decreased with height in the stem. Table 4 shows the average tree and log specific gravity for the different product classes at the age the tree first reached the size required for a specific product class, and at age 30. The tree reached the pulpwood size (>15 cm DBH) at age 10, the chip-nsaw size (≥20 cm and <30 cm DBH) at age 15, and the sawtimber size (≥30 cm DBH) size at age 27. At the pulpwood (age 10) and chip-n-saw (age 15) sizes, the trees would yield two 5.2-m logs, and as the tree approached the sawtimber (age 27) size and maturity (age 30), the trees yielded three 5.2-m logs. Whole tree SG increased subtly from 0.471 at age 10 to 0.491 at age 15, then to 0.514 at age 27, and finally to 0.516 at age 30. The SG for the first log however increased from 0.484 at age 10 to 0.52 at age 15, 0.557 at age 27, and 0.562 at age 30. At age 10, the proportion of corewood was high and the proportion of outerwood low, with whole tree proportions of 66 and 0% for corewood and outerwood, respectively. At age 15 the corewood proportion had decreased to 41% and the outerwood to 14%, with transition wood as the remaining proportion. By age 27 the corewood proportion was 20% while outerwood was 50%, and by age 30 the corewood proportion was 18% and outerwood 52%. An example of the segmentation between corewood, transition wood, and outerwood for the data measured at the stump and the first derivative of Equation (2), with the disk height being the height of the stump (0.15 m) is shown in Figure 6 . Figure 5 . Map of average within-tree variation of specific gravity (SG) in this study, smoothed using inverse-distance weighted interpolation. 
Discussion
The radial and longitudinal (i.e., at different tree heights) variations of SG in this study are consistent with previous studies on loblolly pine from plantations [69, 70, 77, 78] . The within-tree variation in SG was captured in a model that predicted SG values against cambial age (Figure 1) , while incorporating disk height in the model gave a better fit and showed that predicted values decreased with height in the tree. The modeling approach we used here did not address the timing of silvicultural treatments in the rotation because even though they did vary between stands, the silvicultural prescriptions were very similar. Including the effects of silviculture may have improved the model fit at the expense of model complexity. Antony et al. [78] modeled latewood SG and showed that latewood SG decreased with increasing fertilization intensity. Included in their paper is a plot of mean latewood SG with the x-axis in years instead of cambial age to illustrate the decreasing trend. This approach has the benefit that the effects of silvicultural treatment are displayed at a consistent time point. However, their modeling efforts were focused on cambial age, as done in this paper, but with the added terms of timing of treatment and years since treatment.
The generation of a stem map showing the within-tree variation of SG illustrates the differences in ring SG between juvenile corewood and outerwood, and mature corewood and outerwood [10] . Similar SG maps have been generated for loblolly pine [74] and Scots pine [38] ; however, the SG map in the present study shows a greater longitudinal variation in the region ascribed to corewood. Indeed, this shows some resemblance to Kibblewhite's [79] schematic for mature corewood as a zone 
The generation of a stem map showing the within-tree variation of SG illustrates the differences in ring SG between juvenile corewood and outerwood, and mature corewood and outerwood [10] . Similar SG maps have been generated for loblolly pine [74] and Scots pine [38] ; however, the SG map in the present study shows a greater longitudinal variation in the region ascribed to corewood. Indeed, this shows some resemblance to Kibblewhite's [79] schematic for mature corewood as a zone of wood with properties from pith to bark that differed from the juvenile corewood and juvenile outerwood found lower in the tree. Note that similar wood density maps have been generated for other conifer genera (Abies, Picea, Pseudotsuga), and while they show some longitudinal variability, they do not have the same general pattern of decreasing corewood density from the base to the top of the tree [80, 81] .
While nearly all wood properties vary with cambial age, we found that only SG and latewood percent varied significantly by disk height. Ring width had subtle variations with height, likely influenced by the swell that occurs at the base of the stem [72] . Since differences with disk height were not observed for latewood or earlywood SG, we attribute the changes in SG by height to a corresponding decrease in latewood percent with height in the tree. The model integrating ring width did not provide a large improvement over the model with only cambial age and disk height as explanatory variables. The stands sampled here were located fairly close to each other and had similar silvicultural treatments. It is likely that the growth rates were also similar, thus the effect of ring width was likely lower than if the stands had received very different silvicultural treatments, or were from different geographical regions (see Jordan et al. [77] ).
Like other studies that modeled loblolly pine ring SG, we used the same four-parameter logistic model, but found subtle differences in the model parameters. Specifically, Mora et al. [69] , examining samples collected from breast height (1.37 m), found a lower intercept value (β 0 ) of 0.265 compared to 0.377 in the current study, determined with the model incorporating disk height. Their asymptote value (β 1 ) of 0.573 was lower than our corresponding value of 0.601 (i.e., 0.611 + 1.37 × −0.0072).
The difference between these values may be due in part to stand age; here we sampled tree ages from 24 to 33, while Mora et al. [69] sampled 21-and 22-year-old trees. The inflection point (β 2 ) and scale parameters (β 3 ) were also quite different, which may be attributed to the difference in sampling heights between the studies. Whereas here we sampled disks located between 5.2-m logs used in a lumber study, Mora et al. [69] sampled only at breast height. Antony et al. [70] also utilized the four-parameter logistic model for loblolly pine, but used the information mainly to estimate the relative proportions of corewood and outerwood.
The model that proved most problematic to fit was the latewood percent model. This was attributed to the high variability in the data, particularly to the occurrence of rings with either 0 or 100% latewood, which are mainly an artifact of limitations in both densitometer resolution and the threshold method for assigning latewood. Specific to the latter, latewood percent is not a measurement per se, but rather an arbitrary classification based on the width of the latewood as a proportion of total ring width. In a given ring, SG values above 0.48 were assigned to the latewood. Since loblolly pine has abrupt earlywood to latewood transitions, the threshold method works well for most rings, but can present some challenges in rings near the pith [55] . Spruces (e.g., Picea mariana, Picea abies (L.) H. Karst.) and some other pines have gradual transitions between earlywood and latewood, and benefit from different approaches for assigning latewood, such as the use of polynomial models to identify the within-ring inflection point of SG as the demarcation between earlywood and latewood [82] . For loblolly pine, Eberhardt and Samuelson [56] found little difference between the threshold method and polynomial models. Misaligned rings can also influence latewood percent when the threshold method is used. This is because the X-ray densitometer used in this study scans a relatively small vertical window (~1.6 mm) at each radial step (0.06 mm). If both low and high density wood is present in the vertical scan window due to misalignment, some rings may not have SG values below the designated threshold. The SilviScan system can correct for some of these curved ring problems, but not all of them [26] . Jacquin et al. [20] are testing an alternative method for handling sample tilt in densitometry. While the distinction between earlywood and latewood SG is important for latewood percent calculations, it makes little difference with regard to calculating ring SG [56] .
Trees harvested during a thinning operation at mid-rotation and sold as pulpwood have lower whole-tree and log SG values than older trees sold as either chip-n-saw or sawtimber material; however, few studies on loblolly pine, or the other southern pines, have addressed the usefulness of ring SG models at harvest times throughout a rotation, or used this information to determine whole-tree or log SG values as in the present study (Table 4) . Jordan et al. [77] constructed region-wide maps showing the variation of whole-core SG values at three ages from samples collected at breast height for loblolly pine throughout the southern United States. Antony et al. [83] constructed similar region-wide maps showing the variation in SG by height using data collected from whole disks. Mora and Schimleck [74] compared three techniques for constructing within-tree wood properties maps using loblolly pine data derived from near-infrared spectroscopy calibration models and SilviScan. For determining the transition ages between corewood and outerwood, Clark III et al. [16] used a different methodology than the first derivative approach used here, whereby segmented polynomials and threshold values were used to assign the transition, although Mora et al. [69] and Antony et al. [70] both used the latter approach. In all three studies, only breast height samples were analyzed and thus whole-tree and whole-log values were not described. In Scots pine, Auty et al. [38] modeled radial and longitudinal variation in wood density and simulated wood density values and proportion of corewood for different combinations of thinning regimes and rotation lengths.
Not addressed in the current study are models related to other wood properties, such as MFA, tracheid length, and cell wall thickness, among others. The influence of silviculture on these properties can often be very different than for SG [46] . For example, Clark et al. [16] found that outerwood designated using SG was produced at approximately half the age than when designated using MFA. Accordingly, as with latewood percent being dependent on how it is designated, the amount of corewood is dependent on the physical property used and its corresponding threshold.
In this study we linked numerous models together to construct the within-tree SG map and the table showing SG values over a rotation at the tree and log level. Chaining models together can cause problems, including recursive errors in the model system. While not addressed in this study, future work will focus on simultaneous estimation of ring-level wood properties models to create a framework for scaling up predictions to the tree, stand and regional levels.
Conclusions
In this study, we measured SG and ring width using X-ray densitometry for loblolly pine obtained from intensively managed plantations. Non-linear mixed-effects models were constructed to quantify the variation in these properties that occur within the trees. The change from corewood to outerwood is related to increasing cambial age, while the transition from juvenile to mature wood is related to height within the tree. The fixed effects of the models were able to explain 56, 46, 54, 16, and 46 percent of the within-tree variation for ring SG, ring width, latewood SG, earlywood SG, and latewood percent, respectively. A two-dimensional tree map was constructed which showed changes in tree and log SG values and the proportion of corewood over time. Whole-tree SG increased from 0.471 at age 10 to 0.516 at age 30, with the proportion of corewood decreasing from 66% to 52% over the same time period. For the first log, the changes with age were more pronounced, with SG increasing from 0.484 at age 10 to 0.562 at age 30, with the proportion of corewood decreasing from 51% to 9%. Developing systems of models is an important step in integrating wood properties into forest growth and yield systems.
